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BACKGROUND 

20 

This invention relates to improved methods and apparatus for 
thermally processing workpieces, more particularly, thermally 
processing semiconductor wafers for electronic device 
fabrication . 

25 

High temperature processing of semiconductor wafers is essential 
to modern microelectronic device manufacturing. These processes 
include chemical vapor deposition (CVD) , silicon epitaxy, 
silicon germanium, and rapid thermal processes (RT?) such as 
30 implant annealing, oxidation and diffusion drive-in. These are 
performed at temperatures ranging from about 400 to 1200 degrees 
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Celsius in multi-wafer batch reactors, mini-wafer batch 
reactors, or in single wafer rapid thermal reactors. Numerous 
standard textbooks and references exist that described elevated 
temperature processing of semiconductor wafers. Some example 
5 references include Peter Van Zant, "Microchip Fabrication" 3rd 
edition, McGraw-Hill, New York, 1987; John L. Vossen and Werner 
Kern, "Thin Film Processes," Academic Press, Orlando, 1973; S.M 
Sze, "VLSI Technology," McGraw-Hill, New York, 1988. 

10 As currently practiced, these systems all have serious problems 
For example, a typical batch or mini furnace heats about 25 to 
200 wafers by radiation from its hot walls. The heating source 
is usually electrical elements of Ni-Chrome wire arranged into 
zones for preheat, deposit, and post heat. Each zone is 

15 individually profiled and controlled to maintain the desired 
wafer temperature profile across the length of the zone. 
However, these furnaces have drawbacks such as the extremely 
long time at temperature and the long heat up and cool down 
times associated with loading and unloading the wafers. 

20 

An additional problem of furnace systems occurs because the 
wafer edges are hotter than the wafer center because of the 
proximity between the wafer edge and the hot wall radiation 
source. This situation can produce thermal stress in the 

25 wafer's crystal lattice and create dislocations that result in 
slip or other defects. These types of defects are known to 
cause yield problems in modern devices if the defect occurs in 
the circuit. Another problem can occur when the wafers become 
bowed or warped, rendering them unfit for further processing. 

30 Typically, the wafers are loaded into quartz or SiC boats with 
slots for holding the wafers. The areas around the slots cause 



uniformity problems during processing. Furthermore, the wafers 
can be pinched and sustain localized stresses which can also 
cause slip. 

Another problem is that the wafers are all exposed to different 
times at elevated temperature. The front wafer is in the 
furnace the longest and the rear wafer the least amount of time. 
CVD processes are highly sensitive to temperature, and time at 
elevated temperature can cause wafer-to-wafer uniformity 
problems . 

Today's devices require line widths of less than one micron, and 
junction depths as small as 25 angstroms. In addition, 300mm 
wafers have a reduced thermal budget cycle, thus the temperature 
processing time must be reduced to limit lateral and downward 
dopant diffusion to meet the required thermal budget cycle. 

To meet these requirements, the industry has developed different 
approaches. One is a reduced batch size furnace with increased 
spacing between the wafers, thus allowing faster load/unload 
times with better process uniformities on the wafers. 

Another technique is the use of RTP systems which process one 
wafer at a time and typically uses high intensity quartz halogen 
lamps as a heat source. They can rapidly heat the wafer at up 
to 150°C/sec to temperature ranges from about 400 °C to 1200 °C. 
RTP cuts the cycle time by an order of magnitude or more, 
reduces the time at temperature, and eliminates dopant diffusion 
problems. With the improvement in process uniformities the RTP 
systems produce, RTP effectively competes with the furnaces. 
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In a typical RTP system, the lamps are positioned in optical 
reflectors at a distance outside of a process chamber that is 
made of clear fused quartz. The clear fused quartz allows most 
of the lamp energy to pass through the process chamber to heat 
5 the wafer and wafer holder. However, the quartz chamber absorbs 
some of the energy from the lamps as well as radiation from the 
wafer and holder. The process chamber must be kept cool to 
prevent unwanted deposits from coating the process chamber 
walls. A coating on the processing wall interferes with the 

TO radiant energy transfer to the wafer; also, the coating can 
produce unwanted particles that can get onto the wafer. The 
wafer edges are close to the cooled wall and this can cause slip 
and process problems. Due to the cold wall requirement, growth 
rates using silicon gases are limited so as to minimize the 

15 deposits on the process chamber walls. For applications using 
silane, the growth rate is limited to only about 0.2 
microns /minute . 

Another problem with using lamps is that only a small portion 
20 (approximately 30%) of the lamp energy is directed to the region 
of the wafer location. The portion of the lamp energy is so 
small because the lamps are positioned at a distance from the 
wafer. Specifically, the lamps are outside of the chamber and 
zoned to deliver energy to one area of the wafer. Consequently, 
25 temperature uniformity improvements are difficult to achieve. 

The heating characteristics of the wafer can change drastically 
for changes as simple as adjusting the lamp power to achieve a 
desired temperature. Although the lamps are housed in 
sophisticated reflectors in an attempt to control the radiated 
30 energy, these reflectors and the lamp filaments degrade with 
time and use, causing unwanted temperature changes across the 
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wafer. Furthermore, a radiant heating system requires many 
lamps (up to 300) to heat a single wafer, and a great deal of 
power (up to 300KW) . Lamp heated reactors require sophisticated 
heating and temperature control systems that are problematic. 

5 

Wafer temperature measurement and temperature control are 
critical to process results for thermal processes. Temperature 
measurement for lamp-heated systems is also very difficult since 
the temperature sensor may be affected by the incidental 
10 radiation from the lamps and the variations from the wafer 
surface, which change with temperature and if the wafer is 
patterned. Typically, the temperature is measured only in a few 
locations and temperature gradients generally are not measured 
or controlled during processing. 

15 

The use of multipoint thermocouple wafers is commonly used to 
help profile the lamp power output. However, this exposes the 
reactor to metallic contamination, and since the wafer cannot be 
rotated using this technique, temperature gradients due to gas 
20 flow etc, are not accounted for. 

The wafers are typically loaded onto a susceptor that has a pin 
lift mechanism to raise/lower the wafers. These pins can 
scratch the backs of the wafers, create particles, and cause 

25 local temperature variations at the pin area. This can cause 
defects in the crystal structure of the silicon wafer and 
deposition uniformity problems. The particles on the backside 
of the wafers can contaminate other wafers during the 
loading/unloading in the wafer handler. In general, 300mm 

30 wafers are relatively thinner than the 200mm wafers and require 
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many more pin support points, yet the 300mm backside surface 
specification calls for a reduction in backside marks. 

Standard systems also have problems related to controlling the 
5 temperature of the process gases. When gases are introduced 
into the system the wafer is cooled at the leading edge. This 
may cause slip and degrade film quality. The industry 
recognizes this problem. In response, the industry has 
attempted to reduce the problem by preheating the gases and 
10 using slip rings at the outer areas of the wafer. However, the 
changes that have been made are still unsatisfactory and failed 
to fully address the problems of thermally processing wafers, 
particularly large diameter wafers. 

15 Clearly, there are numerous applications requiring reliable and 
efficient methods and apparatus for thermally processing 
workpieces such as semiconductor wafers. Unfortunately, typical 
methods and apparatus for old-style thermal processing have 
characteristics that are inadequate for some current 

20 applications and future applications. There is still a need for 
semiconductor wafer thermal processing systems to provide 
improved temperature control for the wafer and the process 
gases. There is a need for systems that are simple to operate 
and simple to maintain. There is a need for systems that 

25 provide improved particle performance, improved process results, 
and higher throughput. 

SUMMARY 

30 This invention seeks to provide methods and apparatus that can 
overcome deficiencies in known methods and apparatus for 



thermally processing workpieces such as semiconductor wafers. 
One aspect of the present invention includes methods and 
apparatus for thermally processing semiconductor wafers using a 
hot wall process chamber having an isothermal zone for 
5 performing the elevated temperature processing step. The 
process chamber is contained in a housing for easier gas 
handling. Heaters for the process chamber are located between 
the housing and the process chamber. The heaters are configured 
to produce a highly stable and highly uniform temperature for 

10 the isothermal zone. Gas flow over the wafer is controlled to 
achieve uniform processing results. A further aspect of the 
invention includes having zones in the process chamber for which 
the temperature can be independently controlled for each zone so 
that the temperature of the process gas can be controlled before 

15 the gas has reached the wafer and after the gas has passed the 
wafer. 

Another aspect of the invention includes an apparatus having 
improved components for lifting and rotating the wafer so as to 
20 reduce particle generation, simplify wafer loading, and improve 
wafer processing uniformity. 

A still further aspect of the invention includes an apparatus 
having components that provide energy efficiency during elevated 
25 temperature wafer processing. The apparatus also includes 
components for efficient use of process gas. 

It is to be understood that the invention is not limited in its 
application to the details of construction and to the 
30 arrangements of the components set forth in the following 

description or illustrated in the drawings. The invention is 
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capable of other embodiments and of being practiced and carried 
out in various ways. Also, it is to be understood that the 
phraseology and terminology employed herein are for the purpose 
of description and should not be regarded as limiting. 

As such, those skilled in the art will appreciate that the 
conception, upon which this disclosure is based, may readily oe 
utilized as a basis for the designing of other structures, 
methods and systems for carrying out aspects of the present 
invention. It is important, therefore, that the claims be 
regarded as including such equivalent constructions insofar as 
they do not depart from the spirit and scope of the present 
invention . 

Further, the purpose of the foregoing abstract is to enable the 
U.S. Patent and Trademark Office and the public generally, and 
especially the scientists, engineers and practitioners in the 
art who are not familiar with patent or legal terms or 
phraseology, to determine quickly from a cursory inspection the 
nature and essence of the technical disclosure of the 
application. The abstract is neither intended to define the 
invention of the application, which is measured by the claims, 
nor is it intended to be limiting as to the scope of the 
invention in any way. 

The above and still further features and advantages of the 
present invention will become apparent upon consideration of the 
following detailed descriptions of specific embodiments thereof, 
especially when taken in conjunction with the accompanying 
drawings . 



DESCRIPTION OF THE DRAWINGS 



FIG. 1 is a cross-sectional view of an embodiment of the present 
invention . 

FIG. la is another view of the apparatus shown in Fig. 1. 

FIG. 2 is a cross-sectional view of an embodiment of the process 
chamber shown in Fig. 1. 

FIG. 3 is a hypothetical representative temperature profile for 
an electric powered heating element. 

FIG. 3a is an example configuration for using an electric 
powered heating element. 

FIG. 4 is a cross-sectional view of another embodiment for the 
process chamber. 

FIG. 5 shows an example of gas injectors for the process 
chamber . 

FIG. 6 shows an alternative embodiment for heat shields. 
FIG. 7 shows a diagram of a rotation and lift system. 
DESCRIPTION 

The operation of embodiments of the present invention will be 
discussed below in the context of the deposition of an epitaxial 
layer on a wafer. It is to be understood, however, that 
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embodiments in accordance with the present invention may be used 
to perform essentially any semiconductor wafer-processing step 
that requires elevated temperatures, particularly those steps 
requiring temperature uniformity across the wafer. Reviews of 
semiconductor wafer processing steps that require elevated 
temperatures are readily available in both the patent literature 
and the standard scientific literature. 

Reference is now made to Fig. 1 wherein there is shown an 
apparatus 20 for thermally processing workpieces such as 
semiconductor wafers. The apparatus includes a housing 30. In 
a preferred embodiment, housing 30 includes a main body 34 and 
at least one detachable component such as a lid 36. Main body 
34 and lid 38 are configured so as to form a substantially gas 
tight contact. The gas tight contact can be any type of 
standard removable seal 42 such as, for examples, seals that use 
0-rings and seals that use gaskets. Housing 30 encloses volume 
46. In some embodiments, housing 30 includes construction 
materials such as ceramics, quartz, aluminum alloys, and iron 
alloys such as stainless steel. In a preferred embodiment, 
housing 30 is configured for active cooling. In one embodiment, 
housing 30 has walls forming coolant conduits 50 for carrying 
coolant. In an alternative embodiment, housing 30 includes 
cooling coils (not shown) . The cooling coils contact the 
surface of housing 30 so as to be capable of removing heat when 
there is a coolant flow through the coils. 

A process chamber 54 is mounted in housing 30. Preferably, 
process chamber 54 is constructed of a thermally refractory 
material. Examples of suitable materials include silicon 
carbide, silicon carbide coated graphite, graphite, quartz, 
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silicon, ceramic, aluminum nitride, aluminum oxide, silicon 
nitride, magnesium oxide, zirconium oxide, and ceramics. 

Process chamber 54 includes a process zone (not shown in Fig. 
1). In preferred embodiments, the process zone is maintained at 
a substantially isothermal processing temperature during the 
primary process step. A wafer support (not shown in Fig. 1) 
supports the wafer in the process zone so that the wafer 
experiences the substantially isothermal processing temperature 
during the primary process step. Embodiments of the present 
invention may include different configurations for the wafer 
support. For example, in one embodiment the wafer support 
includes a bottom inside surface of the process zone. In 
another embodiment, the wafer support includes a plate (not 
shown) located in the process zone. 

A preferred embodiment includes a plurality of electric powered 
heating elements 66 disposed between housing 30 and process 
chamber 54 for heating process chamber 54. Figure 1 shows a 
cross-section of heating elements 66 arranged along the top 
surfaces and bottom surfaces of process chamber 54. Heating 
elements 66 may also be arranged along the side surfaces of 
process chamber 54; for the sake of clarity, heating elements 66 
are not shown along the side surfaces in Fig. 1. 

Variations in the distance between heating elements 66 and 
process chamber 54 provide alternative embodiments of the 
invention. For a particular embodiment, the distance will be 
determined by the type of heating elements 66 and a selected 
mode of operation for heating process chamber 54. Examples of 
the types of heating elements that are suitable for heating 
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elements 66 include electrical resistance strip heaters, IR 
lamps, RF power induction heaters, and arc lamps. 

In a preferred embodiment, the electrical resistance strip 
heaters are silicon carbide coated graphite strip heaters. The 
strip heaters are commercially available and are used in a 
variety of high temperature applications. 

Examples of embodiments of the present invention that use strip 
heaters include one embodiment in which the strip heaters have 
direct physical contact with process chamber 54. In an 
alternative embodiment, the strip heaters are arranged to 
substantially avoid direct physical contact with process chamber 
54. In yet another alternative embodiment, the strip heaters 
and process chamber 54 sandwich a third body (not shown in Fig. 
1) therebetween. 

A temperature control system (not shown in Fig. 1) controls 
power delivered to heating elements 66. At least one 
temperature sensor (not shown in Fig. 1) derives temperature 
information for at least one of 

a) heating elements 66, 

b) process chamber 54, and 

c) the wafer (not shown in Fig. 1) . 

A preferred embodiment includes a plurality of temperature 
sensors arranged so as to derive temperature information for the 
temperature control system. Preferred locations for measuring 
temperatures for the control system include process chamber 54, 
heating elements 66, and the wafer (not shown in Fig. 1) . The 
temperature control system is configured to be responsive to 
temperature information from the at least one temperature 
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sensor; more preferably, the temperature control system is 
configured to be responsive to temperature information from the 
plurality of temperature sensors. Standard temperature sensors 
that can be used in semiconductor processing are usable for 
embodiments of the present invention. Some examples of 
temperature sensors that can be used include thermocouples, 
pyrometers, and thermometers. 

At least one heat shield 70 is shown disposed between heating 
elements 66 and housing 30. In alternative embodiments, 
substantially all heating elements 66 may be associated with a 
heat shield. For the sake of clarity, Fig. 1 only shows heat 
shield 70 along the bottom of process chamber 54. Heat shield 
70 performs at least one function of 

a) obstructing heat transfer between process chamber 54 and 
housing 30 so as to reduce energy requirements for heating 
process chamber 54, 

b) providing a support for heating elements 66, and 

c) providing a support for process chamber 54. 

In a preferred embodiment, heat shield 70 is made of a thermally 
refractory material. Examples of materials that can be used for 
heat shield 70 are quartz, silicon carbide, silicon carbide 
coated graphite, and ceramics. In one embodiment, heat shield 
70 is connected with housing 30 and heat shield 70 is arranged 
so that heat shield 70 supports process chamber 54. As a 
further embodiment, a support arm (not shown in Fig. 1) connects 
heat shield 70 to housing 30 so as to support heat shield 70 in 
housing 30. Preferably, the support arm is made of a thermally 
refractory material; examples of suitable materials are quartz 
and ceramics. In other embodiments, multiple heat shields may 
be disposed between heating elements 66 and housing 30. 
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In another embodiment, a support arm (not shown in Fig. 1) 
connects process chamber 54 with housing 30 so as to support 
process chamber 54 in housing 30. Preferably, the support arm 
is made of a thermally refractory material; examples of suitable 
materials are quartz and ceramics. 

A gas inject conduit 74 is connected with process chamber 54 for 
carrying process gases to process chamber 54. A gas exhaust 
conduit 78 is connected with process chamber 54 for removing 
exhaust gases from process chamber 54. Preferably, inject 
conduit 74 and exhaust conduit 78 are made of thermally 
refractory materials such as quartz, silicon carbide, and 
ceramics . 

Housing 30 is connected with an input purge gas conduit 32 for 
providing purge gas to volume 46 of housing 30. Housing 30 has 
a port 86 for removing purge gas from volume 4 6 of housing 30. 
In another embodiment, exhaust conduit 78 is configured to pass 
through housing 30 via port 86. 

Housing 30 is arranged to provide electrical connections to 
heating elements 66. Standard electrical f eed-throughs (not 
shown in Fig. 1) are commercially available for this task. In 
addition, housing 30 is arranged to accommodate the temperature 
sensors. For example, if the temperature sensors include 
thermocouples, then housing 30 has f eed-throughs for 
thermocouples. Similarly, if the temperature sensors include 
pyrometers, then housing 30 has holes or other types of feed- 
throughs to accommodate the pyrometers or optical fibers used in 
conjunction with the pyrometers. 
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As an alternative embodiment of the present invention, a liner 
88 is positioned adjacent to the interior surfaces of housing 
30. Liner 88 is arranged to protect areas of the interior 
5 surfaces of housing 30. For example, in applications involving 
deposition processes, liner 88 is arranged so as to 
substantially prevent deposition onto the interior surfaces of 
housing 30. Consequently, process gases that may leak from 
process chamber 54 have a lower probability of depositing 
10 material onto housing 30. 

Preferably, liner 88 includes materials that are stable so that 
liner 88 can be subjected to cleaning processes such as liquid 
cleaning processes, gas cleaning processes, and physical 
15 cleaning processes to remove deposits on surfaces of liner 88. 
Examples of materials that are suitable for liner 88 include 
quartz and ceramics. In preferred embodiments, liner 88 is 
removable so that liner 88 can be removed, cleaned, and 
reinstalled in housing 30. 

20 

In a preferred embodiment for some deposition applications, 
liner 88 is arranged so that housing 30 contacts liner 88 such 
that liner 88 maintains an operating temperature that is 
substantially higher than the temperature of housing 30. An 

25 advantage of this arrangement is that the higher temperature of 
liner 88 helps to reduce deposition on liner 88 from process gas 
that may escape from process chamber 54. Such an arrangement 
can be achieved through design of the contacts that allow 
conductive heat transfer between liner 88 and housing 30. In 

30 one embodiment, the contacts allowing conductive heat transfer 
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are held at the minimum required for stable support of liner 88 
in housing 30. 

Referring now to Fig. la wherein there is shown another view of 
5 an embodiment of the present invention. Housing 30 is shown 

having a port 90 for loading and unloading the wafer to and from 
housing 30. In a preferred embodiment, a housing access plate 
94 is disposed adjacent to port 90 and is movably connected with 
housing 30 so as to provide access to the interior of housing 30 
10 during wafer loading and unloading and so as to isolate the 

interior of housing 30 during wafer processing. Housing access 
plate 94 is movable to a first position for wafer loading and 
unloading; housing access plate 94 is movable to a second 
position for isolating housing 30 during wafer processing. 

15 

Process chamber 54 is shown having a port 98 for loading and 
unloading the wafer to and from process chamber 54. Port 90 and 
port 98 are arranged so that they can be aligned for moving the 
wafer into and out of process chamber 54. Chamber access plate 

20 102 is disposed proximate to port 98. Chamber access plate 1C2 
is movably connected with process chamber 54, housing 30, heat 
shield 70 (not shown in Fig. la), or combinations thereof. 
Access plate 102 is movable between a first position and a 
second position so that the first position allows access to port 

25 98 in process chamber 54 so that the wafer can be loaded and 
unloaded. When access plate 102 is in the second position, 
access plate 102 obstructs access to port 98 in process chamber 
54 so as to reduce radiant heat loss from the interior of the 
process chamber during wafer processing. In another embodiment, 

30 access plate 102 has heating elements 66 for heating access 
plate 102. 
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In one embodiment, the second position for access plate 102 
maintains a space between access plate 102 and process chamber 
54 so that there is substantially no contact between access 
plate 102 and process chamber 54 in the regions surrounding 
access port 90. The space maintained between process chamber 54 
and access plate 102 serves to reduce the possibility of 
generating particles from physical contact between access plate 
102 and process chamber 54. 

Controller 106 is connected with access plate 102 and housing 
access plate 94 to control the movement of access plate 102 and 
access plate 94 to allow loading and unloading the wafer. In an 
alternative embodiment, controller 106 also includes the 
temperature control system. In further embodiments, controller 
106 is configured to control process gas flow to process chamber 
54 . 

Reference is now made to Fig. 2 wherein there is shown a cross- 
sectional view of an embodiment of process chamber 54. Process 
chamber 54 includes three zones: a process zone 58, a preprocess 
zone 114, and a postprocess zone 118. Process zone 58 separates 
preprocess zone 114 and postprocess zone 118. 

A wafer support 122 is arranged so as to be capable of 
supporting the wafer in process zone 58. Wafer support 122 is 
connected with process chamber 54 so as to allow rotation of 
wafer support 122 and to allow rotation of the wafer when 
supported on wafer support 122. Wafer support 122 includes a 
disk 126 having a substantially planar area for contacting the 
backside of the wafer. Preferably, the area of wafer support 
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122 contacting the wafer, i.e. disk 126, is smaller than the 
area of the wafer so as to facilitate loading and unloading the 
wafer. Wafer support 122 further includes a wafer holder stem 
130 connected substantially at the center of disk 126, at about 
a 90-degree angle. In one embodiment, process chamber 54 has a 
hole in the bottom surface and stem 130 extends from disk 126 
through the hole in the bottom of process chamber 54. Stem 130 
is rotatably coupled to a motor (not shown in Fig. 2) to allow 
rotation of wafer support 122 about the axis of stem 130. 

The embodiment presented in Fig. 2 further shows that process 
zone 58 has a recessed area 134. The dimensions of recessed 
area 134 are selected to allow disk 126 to hold the wafer so 
that the front surface of the wafer is substantially planar with 
the surrounding bottom surface of process zone 58 so as to 
shield the backside of the wafer from backside deposits when 
used in deposition related processes. 

In operation, the wafer is loaded onto disk 126. Disk 126 is 
maintained at substantially the same temperature as process zone 
58. In preferred embodiments, the wafer is supported by disk 
126 so that pin lifts are unnecessary. Thus, the wafer is not 
subjected to backside scratches from the pin lifts; fewer 
particles are generated; and less crystal stress is generated in 
the wafer. 

Preprocess zone 114 is connected with process gas inject conduit 
74 so that process gases can enter process chamber 54 through 
preprocess zone 114. Postprocess zone 118 is connected with 
exhaust gas conduit 78 (not shown in Fig. 2) so that process 
gases can exit process chamber 54 through postprocess zone 118. 



19 

Consequently, process gas enters preprocess zone 114; flows 
through process zone 58 in a direction substantially parallel to 
the surface of drsk 126; and flows out of process chamber 54 
through postprocess zone 118. 

A plurality of electrical resistance strip heaters 110 are 
disposed about the exterior of process chamber 54. For the 
embodiment shown in Fig. 2, strip heaters 110 are in contact 
with process chamber 54. It is to be understood that the 
embodiment shown in Fig. 2 is but one of a variety of possible 
arrangements of strip heaters 110 with respect to process 
chamber 54. For the embodiment shown in Fig. 2, strip heaters 
110 are arranged along the top surface of process chamber 54; 
strip heaters 110 are arranged along the bottom surface of 
process chamber 54; and, strip heaters 110 are arranged along 
the side surfaces of process chamber 54. 

Strip heaters 110 are connected with the temperature control 
system (not shown in Fig. 2) so that preprocess zone 114, 
process zone 58, and postprocess zone 118 can each be controlled 
at an independent temperature or, in an alternative embodiment, 
they can all be controlled to the same temperature. 
Specifically, preprocess zone 114 can be controlled at a 
preprocess temperature, process zone 58 can be maintained at a 
process temperature, and postprocess zone 118 can be maintained 
at a postprocess temperature. The ability to control the 
temperatures of the three zones independently is an advantage of 
some embodiments of the present invention. This advantage is 
realized because of the capability of measuring temperatures at 
multiple locations and the ability to independently control the 
power delivery to individual members of strip heaters 110. 
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For example, one or more temperature sensors can be arranged to 
measure the temperature of a particular strip heater and the 
temperature of the strip heater can be controlled in response to 
5 the temperature measurements. Alternatively, one or more 

temperature sensors can be arranged to measure the temperature 
of a particular location on the process chamber and the 
temperature of that area of the process chamber can be 
controlled . 

10 

An advantage of having independent temperature control is that 
process gas entering preprocess zone 114 can be preheated before 
the process gas enters process zone 58 containing the wafer. 
Preheating the process gas allows greater control of the wafer 

15 temperature during processing. In other words, preheating the 
process gas helps to reduce cooling of the wafer by the process 
gas. In applications such as epitaxial film growth, maintaining 
the wafer at a uniform temperature helps to prevent the 
formation of defects in the epitaxial film. For applications 

20 involving chemical vapor deposition, the uniform wafer 

temperature reduces non-uniformities in film thickness and film 
properties that can be caused by wafer temperature non- 
uniformities. Furthermore, advantages from having uniform wafer 
temperatures can be realized for other integrated circuit 

25 fabrication processes that involve elevated temperature wafer 
processing . 

Another advantage of having independent temperature control for 
the three zones is that postprocess zone 118 can be used to 
30 maintain the exhaust gas at the postprocess temperature until 

the exhaust gas is out of process chamber 54 and displaced away 
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from process zone 58. In applications involving deposition, 
controlling the exhaust gas temperature allows for control of 
the properties of material deposited in postprocess zone 118. 
For example, by maintaining postprocess zone 118 at a 
5 preselected temperature, exhaust gases exposed to postprocess 
zone 118 deposit material at a preselected temperature. 
Preferably, the preselected temperature is selected to be a 
temperature at which films of good quality are deposited in the 
postprocess zone rather than films that are of poor quality. 

10 Films of poor quality include films that have properties such as 
poor adhesion to process chamber 54. Non-adherent wall deposit 
is well known as a source of particulate contaminants for 
semiconductor wafer processing. Another example of a poor 
quality film includes films having etching characteristics that 

15 are inconsistent or incompatible with the etch characteristics 
of film deposited in process zone 58. The inconsistent or 
incompatible etch characteristics make it more difficult to 
clean process chamber 54; this can be a particularly serious 
problem for in situ clean processes. 

20 

A further advantage of independent temperature control of the 
process zones is the ability to maintain exhaust zone 118 at a 
temperature lower than the temperature of process zone 58. The 
lower temperature of exhaust zone 118 allows the exhaust gas to 

25 slowly cool down prior to entering cooled sections of the 

exhaust conduit. in some applications, failure to properly cool 
the exhaust gas can induce a thermal shock for the exhaust gas; 
the thermal shock can cause heavy deposits to form in the 
exhaust conduit. Deposits in the exhaust line are potentially 

30 dangerous; the deposits can produce volatile species and may be 
pyrophoric when exposed to air for system cleaning. 
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Still another advantage of having independent temperature 
control for the three zones is that process zone 58 can be 
maintained at the process temperature during the wafer 
processing step. Preferably, process zone 58 is maintained at 
substantially isothermal conditions during the wafer processing 
step. Isothermal conditions for process zone 58 are more easily 
achieved for embodiments of the present invention in which the 
temperature control system includes multiple temperature sensors 
and independent control of power delivery to individual strip 
heaters. Similar benefits are obtainable for other types of 
heating elements such as infrared lamps, arc lamps, and RF 
induction heaters . 

Referring now to Fig. 3 wherein there is shown heating element 
66. Electrical connector 67a and electrical connector 67b form 
electrical contacts to heating element 66 so as to allow an 
electric current to pass between electrical connector 67a and 
electrical connector 67b through heating element 66. Plot 69 
shows a hypothetical example of a temperature profile for 
heating element 66 in operation. Temperatures of heating 
element 66 near electrical connector 67a and electrical 
connector 67b, typically, are substantially lower than the 
temperatures for other current carrying regions of heating 
element 66. Typically, the lower temperatures near the 
electrical contacts are reguired so as to accommodate standard 
electrical wiring materials like copper. In order to achieve 
suitable temperatures at the electrical contacts, heating 
elements such as strip heaters are designed so that the strip 
heaters have a lower resistance in the region of the electrical 
contact. The lower resistance causes less heating of the strip 
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heater at the electrical contact locations. However, regions of 
heating element 66 having positions away from the electrical 
contacts are able to maintain substantially isothermal 
temperatures. Specifically, electrical resistance strip heaters 
5 are designed to have a higher electrical resistance for the 
substantially isothermal sections and a lower electrical 
resistance for the electrical contact regions. 

In one embodiment of the present invention, only the 
10 substantially isothermal sections of heating element 66 are used 
to achieve substantially isothermal conditions for process zone 
53. For example, the non-isothermal sections of heating element 
66 are spaced away from process zone 58 so that temperature 
control of process zone 58 is not substantially affected by the 
15 non-isothermal sections of heating element 66. This can be 

achieved by arranging the substantially isothermal sections of 
heating element 66 in positions that are closer to process zone 
58 while arranging the non-isothermal sections to be further 
away from process zone 58. As an example configuration, heating 
20 element 66 can be sized to be larger than process zone 58 so 
that the non-isothermal sections of heating element 66 extend 
beyond the boundaries of process zone 58 as is shown in Fig. 3a. 
In other words, the electrical contacts are positioned away from 
process zone 58. 

25 

Another configuration includes orienting, such as by bending or 
shaping, the non-isothermal sections of heating element 66 away 
from process zone 58 so that the heat applied to process zone 58 
substantially all comes from isothermal sections of heating 
30 element 66. Additional configurations will be apparent to those 
of ordinary skill in the art. 
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In other embodiments, preprocess zone 114 and postprocess zone 
118 can be maintained isothermally using the configurations just 
described for process zone 58. However, for many applications 
5 only the process zone needs to be isothermal. 

Referring now to Fig. 4 wherein there is shown a cross-sectional 
view of another embodiment of process chamber 54. Process 
chamber 54 includes preprocess zone 114 , process zone 58, and 

10 postprocess zone 118. Gas inject conduit 74 is connected with 
preprocess zone 114 so as to provide process gas to process 
chamber 54. In one embodiment, process chamber 54 has a hole 
136 through which gas inject conduit 74 passes into process 
chamber 54. A seal bushing 138 forms a seal around gas inject 

15 conduit 74 so as to restrict process gas loss from process 

chamber 54. In one embodiment, sealed bushing 138 does not form 
a gas tight seal so that seal bushing 138 can allow gas leakage 

■=;;; between process chamber 54 and housing 30. 

20 In one embodiment, gas inject conduit 74 includes a gas 

dispersion head 142 having holes for dispersing process gas in 
preprocess zone 114 of process chamber 54. 

A process gas preheater 146 is located between gas dispersion 
25 head 142 and process zone 58 so that process gases entering 
preprocess zone 114 pass through gas preheater 146 before 
entering process zone 58. Gas preheater 146 facilitates heating 
the process gas to the preprocess temperature. Gas preheater 
146 includes a body of a thermally refractory material such as 
30 silicon carbide, silicon carbide coated graphite, quartz, and 
ceramics. Gas preheater 146 has a plurality of holes for 
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allowing the process gas to pass therethrough. In a preferred 
embodiment, the holes in gas preheater 146 are arranged to 
distribute the process gas so that the process gas is urged to 
maintain laminar flow upon exit from gas preheater 146. 

5 

Process zone 58 has recessed area 134 in zhe bottom surface of 
process chamber 54. Wafer support 122 is positioned in process 
zone 58. Wafer support 122 has disk 126 for contacting the 
wafer. In a preferred embodiment, disk 126 is arranged to fit 

10 into recessed area 134 so that the top surface of the wafer can 
be held substantially planar with respect to the areas of the 
bottom surface of process zone 58 that surround recessed area 
134. Wafer support 122 is arranged so as to allow rotation of 
the wafer during processing. Specifically, wafer support 122 is 

15 coupled with process chamber 54 so as to allow rotation of the 
wafer support. A motor (not shown in Fig. 4) is rotatably 
coupled to wafer support 122 so as to cause rotation of wafer 

- support 122. 

20 A velocity gradient plate 150 is connected with process chamber 
54. Preferably, velocity gradient plate 150 is substantially 
rigid and is substantially inert to the process gas. Velocity 
gradient plate 150 is arranged adjacent to the wafer support so 
as to define one side of a channel for process gas flow over the 

25 wafer holding surface of wafer support 122, such that the cross- 
sectional area for the channel decreases in the direction of the 
process gas flow in response to perpendicular distance 
variations between velocity gradient plate 150 and the wafer 
holding surface of wafer support 122. Preferably, velocity 

30 gradient plate 150 includes a refractory material. Examples of 
materials that can be used in velocity gradient plate 150 
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include materials such as quartz, silicon carbide, silicon 
carbide coated graphite, and ceramics. 

In another embodiment, velocity gradient plate 150 is movably 
5 connected with process chamber 54 so that the distance between 
velocity gradient plate 150 and wafer support 122 can be 
adjusted as another process parameter. Preferably, the distance 
between velocity gradient plate 150 and wafer support 122 can be 
adjusted and the angle between velocity gradient plate 150 and 
.10 wafer support 122 can be adjusted. As an example, velocity 

gradient plate connector 154 suspends velocity gradient plate 
150 from the top of process chamber 54. The length of connector 
154 can be varied so as to change the position of velocity 
gradient plate 150 with respect to wafer support 122. 

15 

Velocity gradient plate 150 causes the process gas to have 
improved mass transfer characteristics as the process gas flows 
over the wafer. For applications involving processes such as 
deposition, epitaxial growth, and other applications requiring 

20 reactants in the process gas, the improved mass transfer 

characteristics help to compensate for depletion of reactants in 
the process gas. The reduction of depletion affects improves 
uniformity of deposited layer properties such as thickness 
uniformity, composition, optical properties, and electrical 

25 properties . 

Velocity gradient plate 150 is positioned adjacent to gas 
preheater 146 so that process gas exiting gas preheater 146 is 
influenced by velocity gradient plate 150 as the gas passes 
30 through process zone 58. 
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For embodiments of the present invention having pyrometers for 
measuring wafer temperature, velocity gradient plate 150 may 
include holes (not shown in Fig. 4) to allow viewing the wafer 
using optical fibers without obstructions caused by velocity 
gradient plate 150. Preferably, the holes are sized so as to 
leave the process gas flow through process zone 58 substantially 
unaffected . 

In an alternative embodiment, velocity gradient plate 150 has an 
inverted "U" shape for improved confinement of process gas flow 
above the wafer. For this embodiment, opposite edges of 
velocity gradient plate 150 are directed downward so that 
velocity gradient plate 150 defines at least part of the 
sidewalls of the channel for gas flow above the wafer. 
An exhaust baffle plate 158 separates process zone 58 from 
postprocess zone 118. Baffle plate 158 has at least one hole to 
allow gas flow from process zone 53 into postprocess zone 118. 
One function of baffle plate 153 is to help to reduce back 
circulation of gases from postprocess zone 118 back into process 
zone 58 . 

In another embodiment, preprocess zone 114 includes a process 
chamber purge gas injector 162 for providing a purge gas such as 
hydrogen or an inert gas to process chamber 54. In a preferred 
embodiment, purge gas injector 162 is configured to flow purge 
gas from preprocess zone 114 through volume 166 of process zone 
58. Volume 166 substantially excludes volume 170, located 
between velocity gradient plate 150 and wafer support 122. One 
function of the purge flow is to help confine the process gas 
flow to volume 170 so as to maximize the process gas exposure to 
the wafer. The process chamber purge gas flow is particularly 
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important for embodiments in which velocity gradient plate 150 
has holes for temperature measurement. The purge gas flow exits 
process chamber 54 via postprocess zone 118. Exhaust baffle 
plate 158 has at least one hole for conveying the purge gas from 
5 process zone 58 to postprocess zone 118. Postprocess zone 118 
has a hole 174 for exhaust gas and purge gas to exit process 
chamber 54. 

Referring now to Fig. 5 wherein there is shown a view of an 

10 example of a gas injector 178 for process gas and purge gas 

flows to process chamber 54. Gas injector 178 includes three 
sections: process gas sections 182a and 182b for carrying 
process gas and a purge gas section 186 for carrying purge gas. 
Each section has a plurality of holes 189. In a preferred 

15 embodiment, the holes are substantially parallel within a 
section. The holes distribute the process gas so that the 
direction of the gas flow is substantially parallel to the plane 
of the wafer holder. In other words, a showerhead type of gas 
flow is directed approximately parallel to the wafer surface. 

20 As a further embodiment, gas injector 178 is arranged so that 
the gases can be selectively distributed across the wafer 
independently or together so as to obtain improved process 
uniformity control. Improved uniformity is obtainable by 
selectively distributing the gas across the wafer to compensate 

25 for variations in reaction rate caused by thermal gradients and 
gas flow. 

In addition, the vertical showerhead configuration enables high 
growth rates, typical of showerheads, while avoiding problems 
30 with particulates that are common for some of the conventional 
showerheads. For example, the vertical showerhead is less 
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likely to have particles fall from the showerhead onto the wafer 
surface. Embodiments of the present invention, for deposition 
applications, include showerhead materials having good adhesion 
properties for the material being deposited. Referring now to 
Fig. 6 wherein there is shown an example configuration for heat 
shields 190. Heat shields 190 include a first heat shield 190a 
and a second heat shield 190b. Heat shield 190a and heat shield 
190b are positioned to provide heat shielding for the same areas 
of process chamber 54. In order to reduce conductive heat 
transfer between heat shield 190a and heat shield 190b, a space 
is maintained between the heat shields. Preferably, physical 
contact between the heat shields is held at a minimum. In one 
embodiment, the space between the heat shields is maintained by 
placing one or more spacers 194 between the heat shields. 
Suitable materials for spacers 194 include thermally refractory 
materials such as quartz, polysilicon, silicon carbide, silicon 
carbide coated graphite, and ceramics. In a preferred 
embodiment, spacers 194 are shaped like balls having diameters 
about equal to the desired spacing to be maintained between the 
heat shields. Spacers 194 can also be used to maintain desired 
spaces between other components of the apparatus such as heating 
elements 66, strip heaters 110, and process chamber 54. As 
shown in Fig. 6, spacer 194 is used to maintain a space between 
heat shield 190b and an outer surface of process chamber 54. 
The strip heater 110 is shown sandwiched between heat shield 
190b and process chamber 54. 

In an alternative embodiment, the heat shields have surface 
structures that produce substantially the same result achieved 
using the spacers just described. For example, the heat shields 
can have protrusions from the surface of the heat shield so that 
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the protrusions substantially maintain the desired spacing 
between adjacent heat shields or other adjacent surfaces. 

For various embodiments of the present invention, a single heat 
shield may be used or multiple heat shields may be used for heat 
shielding the same area. 

Referring now to Fig. 7 wherein there is shown wafer support 122 
including disk 126 and wafer holder stem 130. Wafer holder stem 
130 is attached substantially at the center of disk 126 so that 
wafer support 122 can rotate about the axis of wafer holder stem 
130 to rotate the wafer. Wafer holder stem 130 extends through 
process chamber 54 (not shown in Fig. 7); wafer support 122 is 
connected with process chamber 54 to allow rotation of wafer 
support 122. Wafer holder stem 130 extends through the bottom 
surface of housing 30; wafer holder stem 130 is connected with 
the bottom of housing 30 to allow rotation of wafer support 122. 
Wafer holder stem 130 is rotatably coupled to a motor 198 for 
rotating wafer support 122. A linear actuator 202 is connected 
with motor 198; linear actuator 202 is capable of lifting and 
lowering motor 198. Motor 198 is coupled to wafer holder stem 
130 so that lifting and lowering of motor 198 by linear actuator 
202 causes wafer holder 122 to be lifted and lowered. Lifting 
and lowering wafer support 122 can be used to facilitate loading 
and unloading wafers to and from wafer support 122. 

In one embodiment, a rotary feedthrough 206 such as a standard 
commercially available rotary feed through is connected between 
motor 198 and wafer holder stem 130 so as to transfer rotary 
motion and up-and-down motion. A bellows 210 is connected to 
the bottom of housing 30 at one end of bellows 210. Bellows 210 
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surrounds wafer holder stem 130. A mounting plate 214 is 
attached to the other end of bellows 210. Preferably, the 
attachments to bellows 210 are substantially gas tight. Rotary 
feed through 206 is attached to mounting plate 214 so as to 
5 enable rotation of wafer support 122 by motor 198. Bellows 210 
is configured so as to allow up and down motion of motor 198 for 
lifting and lowering wafer support 122. 

In another embodiment, wafer holder stem 130 has a bore such as 
TO axial bore 218. Disk 126 has a hole 222 corresponding to axial 
bore 218. Wafer holder stem 130 is configured to have a vacuum 
source apply a vacuum to axial bore 218 so that a low pressure 
is generated at hole 222. Preferably, the low-pressure 
generated at hole 222 is sufficient to enable disk 126 to 
15 function as a vacuum chuck for holding the wafer on wafer 
support 122. 

An advantage of embodiments of the present invention, due to the 
process chamber materials and hot wall operation, is the removal 

20 of the conventional growth rate restrictions for applications 
such as silicon epitaxy. Embodiments of the present invention 
can allow epitaxial silicon growth with high intrinsic 
resistivity values at substantially higher growth rates and 
higher temperatures without wall deposit problems. Furthermore, 

25 the advantages of no pattern shift, no distortion, and no 
washout with patterned wafers are maintained using a non- 
chlorinated silicon source. 

Clearly, embodiments of the present invention can be used or a 
30 wide variety of elevated temperature processes for semiconductor 
device fabrication. Changes in the selected process gases allow 
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embodiments of the present invention to be suitable for 
semiconductor wafer processing steps such as annealing, 
activating dopant, depositing by chemical vapor deposition, 
depositing by epitaxial deposition, doping, forming a silicide, 
nitridrng, oxidizing, reflowing a deposit, and recrystallizing . 

While there have been described and illustrated specific 
embodiments of the invention, it will be clear that variations 
in the details of the embodiments specifically illustrated and 
described may be made without departing from the true spirit and 
scope of the invention as defined in the appended claims and 
their legal equivalents. 



